Abstract The vast majority of healthy individuals are left hemisphere dominant for language; however, individuals with left hemisphere epilepsy have a higher likelihood of atypical language organization. The cerebral organization of language in epilepsy has been studied with invasive procedures such as Wada testing and electrical cortical stimulation mapping (ESM), and more recently, with noninvasive neuroimaging techniques such as functional magnetic resonance imaging (fMRI). Investigators have used these techniques to explore the influence of unique clinical features inherent in epilepsy that might contribute to the reorganization of language, such as location of seizure onset, age of seizure onset, and extent of interictal epileptiform activity. In this paper, we review the contribution of these and other clinical variables to the lateralization and localization of language in epilepsy, and how these patient-related variables affect the results from these three different, yet complementary methodologies. Unlike the abrupt language changes that occur following acute brain injury with disruption of established language circuits, converging evidence suggests that the chronic nature of epileptic activity can result in a developmental shift of language from the left to the right hemisphere or re-routing of language pathways from traditional to non-traditional areas within the dominant left hemisphere. Clinical variables have been shown to contribute to cerebral language reorganization in the setting of chronic seizure disorders, yet such factors have not been reliable predictors of altered language networks in individual patients, underscoring the need for language lateralization and localization procedures when definitive identification of language cortex is necessary for clinical care.
Introduction
It is well established that individuals with left hemisphere epilepsy have a higher likelihood of atypical language organization. This phenomenon is clinically relevant, particularly in the context of epilepsy surgery for treatment of pharmacologically refractory seizures, because it is necessary to localize and to spare essential language areas before removing epileptogenic cortex. It is also of theoretical interest, with the potential to shed light on the factors that shape the organization of language mediating cortex. Our understanding of language organization in epilepsy has evolved, first from "disruptive" investigations including the intracarotid amobarbital (Wada) procedure and direct cortical stimulation mapping, and more recently, "activation" methods such as fMRI and other neuroimaging techniques. Unlike the sudden language changes that occur following stroke or traumatic brain injury due to an acute disruption of established language circuits, it has been proposed that ongoing functional or slowly progressive structural disturbances from chronic epileptic activity might shift language from the left to the right hemisphere (Janszky et al. 2006) , or might re-route language pathways during development from traditional to non-traditional sites within the dominant left hemisphere (Duchowny et al. 1996; Liegeois et al. 2004) .
Although epilepsy is a heterogeneous disorder, most of the work on language organization in epilepsy has involved temporal lobe epilepsy (TLE) patients, mainly because these patients represent the largest and most homogenous subgroup of patients who undergo surgical treatment for refractory epilepsy, requiring various procedures to assess, lateralize and "localize" language. TLE patients, however, vary widely with respect to numerous factors that could potentially affect language organization, some of which have been more extensively studied than others. Examples include hemisphere of seizure onset (and/or cerebral injury), intrahemispheric location of seizure onset (i.e., medial temporal versus lateral neocortical), presence/absence of hippocampal sclerosis (HS), age of seizure onset, duration of epilepsy, handedness, seizure frequency, frequency and location of interictal EEG activity, and type, amount and duration of pharmacological treatment. Certainly, investigators have attempted to control for pertinent variables; however, this heterogeneity should be kept in mind, as it likely accounts for some of the variability in findings across studies. Below, we review findings, based primarily on TLE patients, from the three main classes of techniques that have contributed to our understanding of language organization and reorganization in epilepsy.
Wada Studies
Wada testing refers to a group of procedures aimed to assess aspects of cognitive functioning during temporary anesthesia of one cerebral hemisphere invoked by injection of sodium amobarbital or similar, short-acting anesthetic agent, into the internal carotid artery (Wada and Rasmussen 1960) . The procedure was originally developed to determine hemispheric language dominance in epilepsy surgery candidates, and was subsequently modified to include assessment of hemispheric memory capacity as well (Milner et al. 1962 ). Wada testing enables assessment of hemispheric language ability during temporary anesthesia of brain regions perfused by the internal carotid artery, serving as a gross, reversible surrogate for the effects of surgical resection. The specifics of the procedure vary among surgery centers; however, the hemispheric anesthetic effect is typically verified via scalp EEG (ipsilateral, unilateral slowing) and contralateral hemiplegia/hemiparesis. Hemispheric language assessment typically includes automatic speech (e.g., counting), object naming, repetition, execution of verbal commands and reading. Unilateral language dominance is inferred when all tasks are performed accurately with anesthesia in one hemisphere, and inability to perform tasks with anesthesia of the contralateral cerebral hemisphere. Bilateral language representation is typically inferred when a combination of accurate and inaccurate performances occur following both left and right hemisphere anesthesia. Although developed for clinical purposes, the procedure has facilitated the investigation of language dominance in relation to epilepsy and other forms of brain pathology. Given recent advances in noninvasive neuroimaging techniques, Wada testing could be considered somewhat crude in its approach by today's standards. However, the procedure is the most reliable means of determining hemispheric language dominance and therefore, remains the gold standard for this purpose (Loring et al. 1992) Historically, it was assumed that language dominance could be inferred from handedness. However, results from Wada testing with epilepsy patients revealed inconsistencies in the relation between these two variables (Gloning et al. 1969; Rasmussen and Milner 1977; Rausch and Walsh 1984) . Research using Wada testing in mixed neurological samples has shown right hemisphere language dominance in approximately 4-37% of right-handers and 25-52% of non-right-handers (Branch et al. 1964; Helmstaedter et al. 1997; Loring et al. 1990; Mateer and Dodrill 1983; Powell et al. 1987; Rausch and Walsh 1984; Rey et al. 1988; Risse et al. 1997; Strauss and Wada 1983; Woods et al. 1988; Zatorre 1989) , whereas an estimate of right language dominance for healthy individuals based on Doppler sonography is 4% (Knecht et al. 2000) . In epilepsy, similar to that found in lesion studies showing an increased probability of right hemisphere language with early left hemisphere insult, side of seizure focus has been shown to be the most significant contributor to atypical (i.e., right or bilateral) language representation (Branch et al. 1964; Loring et al. 1992 ). Rausch and Walsh (1984) reported that 15% of their sample of right-handed patients with left TLE were right hemisphere language dominant, and several investigators have reported a significant relation between of age of "injury" (e.g., left cerebral injury, left-sided seizure onset) and atypical language lateralization (Rasmussen and Milner 1977; Rey et al. 1988; Satz et al. 1988; Strauss and Wada 1983) , with earlier age of injury, typically before age 5, more likely resulting in right or mixed language dominance. A recent, large scale retrospective study of 445 epilepsy patients who had undergone bilateral Wada testing found that 46% of left-handers with early left hemisphere lesions were right language dominant, whereas 37% of left-handers with late neocortical left hemisphere lesions were more likely to have bilateral language representation (Möddel et al. 2009 ). These results suggest that right dominance might indicate development of functional language areas in the right hemisphere following early insult, whereas bilateral language might indicate compromise to the left language system at a time when left hemisphere dominance has already started to take hold. Janszky et al. (2003) used Wada testing to determine language dominance in a more homogenous subgroup of 184 medial TLE (MTLE) patients due to unilateral hippocampal sclerosis (HS), but without other epileptogenic lesions, thereby eliminating the influence of type of pathology, location of pathology and age of precipitating injury. HS is understood to occur during infancy or early childhood (Engel et al. 1997) , and is located distant from classic language areas. The results showed that (24%) of left MTLE-HS patients had atypical language dominance, and most interestingly, atypical language representation in these patients was associated with a significantly higher frequency of interictal discharges and with sensory auras representing seizure propagation to lateral temporal structures. These findings suggest that in addition to structural factors, functional factors such as abnormal EEG activity (i.e., interictal EEG discharges and seizure spread) can influence speech organization.
The advantage of Wada testing is its power as a disruptive technique, enabling assessment of language in one hemisphere, without influence from the other. On the other hand, Wada testing creates a fairly-diffuse unilateral lesion, and therefore provides no specific information regarding intra-hemispheric organization of language. The two techniques discussed below, i.e., electrical stimulation mapping and fMRI, enable detailed examination of intrahemispheric language organization.
Electrical Stimulation Mapping
Electrical stimulation mapping (ESM) is an invasive procedure in which electrical stimulation is applied briefly (~2-10 s) to the cortical surface, effectively creating a reversible functional lesion in a discrete cortical area (Hamberger 2011) . The procedure is used to identify critical sensory, motor or language areas when brain surgery involves the removal or disruption of potentially functional cortex. Sites with a positive finding, identified via stimulation are typically spared from resection, with the goal of preserving function postoperatively. ESM as a clinical tool for identification of language cortex was pioneered by Wilder Penfield and colleagues, and although initially used for clinical purposes, the procedure now provides a unique opportunity to study structure-function relations with precision within the language dominant hemisphere (Penfield and Roberts 1959) . Our current understanding of stimulationbased, intra-hemispheric patterns of language is based largely on the extensive work of George Ojemann and colleagues (Ojemann 1983b) Unlike ESM for identification of sensory or motor cortex, based on stimulation-evoked "positive" responses such as subjective sensation (e.g., tingling) or observable movement (e.g., muscle twitch), stimulation of language cortex does not produce any observable or sensory responses in an inactive patient. Instead, ESM for language relies on "negative" responses, so that the patient must be engaged in a language task and stimulation of language cortex will impair task performance. In this way, the examiner can observe the functional consequences of damage to the cortical site(s) being stimulated. It would seem reasonable that the use of multiple tasks that require different aspects of language would provide the most comprehensive mapping; however, practical constraints such as time limitations, especially during intra-operative mapping, and patient discomfort (i.e., headache, fatigue) restrict the number of tasks typically employed. The vast majority of investigators who conduct ESM for language have relied primarily on visual object naming ("visual naming") to identify essential language cortex, however, other commonly used language tasks include auditory description naming, reading, and modified forms of the Token Test (for comprehension) (Hamberger et al. 2001; Malow et al. 1996) , (Boatman et al. 1995; Luders et al. 1986; Ojemann 1983a Ojemann , 1990 Schwartz et al. 1999) .
The advantages of ESM are its high level of precision, and as a disruptive technique, the ability to identify brain areas that are necessary for language, not merely areas that might participate in ancillary fashion in language functioning. On the other hand, because it is invasive, ESM studies are limited to the areas deemed relevant by the clinical situation, so that only the areas considered likely to be involved in seizure onset and spread will receive electrode coverage. Thus, there are no normative data available for ESM, i.e., it is unknown where ESM based language areas would be found in healthy individuals. Although such information would be interesting heuristically, and might direct the search for language cortex in patients undergoing cortical mapping, this information is not critical to the procedure's clinical utility. ESM induced language errors are typically sufficient to infer an important functional role of the region stimulated.
Although it is technically unknown where stimulationinduced language errors would be found in healthy individuals, it is tacitly assumed that the pattern would mimic the areas associated with aphasia in stroke patients (i.e., a classic anterior Broca's and posterior/Wernicke's pattern). It has been speculated that late-onset (i.e., > 10 years) epilepsy patients might provide a reasonable model of more normative ESM patterns, as it would be expected that by age 10, "normal" language organization would already be established. However, it could also be argued that abnormal EEG discharges or other neurological abnormalities present early in life, yet preceding clinical seizures, could have altered normal language organization (Devinsky et al. 2000) . Accordingly, it is sometimes the case that despite preconceived notions regarding the location of critical language cortex, ESM results in individual patients indicate that surgery in those areas can be performed safely. With these advantages and caveats in mind, ESM based findings on language organization in epilepsy are presented below.
ESM Findings in Epilepsy Patients
Studies of ESM in patients with epilepsy have shown stimulation-identified language sites over a wide area of left lateral cortex, extending well beyond traditional Broca's and Wernicke's areas that have been identified by more acute injurious lesions such as stroke (Ojemann 1979) . This variability across individuals has been taken as evidence that traditional language landmarks cannot be used to predict localization of essential language cortex, underscoring the need for ESM prior to surgical resection. While this reasoning understandably drives the clinical use of ESM, further studies have sought to determine the influence of the particular tasks used to identify language cortex, and whether and which patient-related variables might underlie the varying patterns of positive language sites among individuals.
Task Related Patterns
It has been demonstrated repeatedly that at a given cortical site, stimulation can impair one specific language function while causing no disruption to another (e.g., naming but not reading might be impaired with stimulation of an anterior site on the middle temporal gyrus), emphasizing the critical influence of task in the identification of language cortex (Ojemann 1983a; Schwartz et al. 1999) . From a heuristic perspective, this level of specificity has provided a corpus of data suggesting a functional topography of different aspects of language, to the extent that this can be generalized from preoperative epilepsy patients.
Although ESM studies of task specificity vary considerably in patient sample size, ranging from case reports (Boatman et al. 1998; Hart et al. 1998 ) to larger scale investigations of over 100 patients (Haglund et al. 1994; Ojemann 1979) , the following patterns have emerged: Cortical sites at which stimulation impairs visual object naming have been reported across virtually all aspects of perisylvian cortex, yet are mainly found in mid-to posterior-temporal cortex and in the basal temporal region (Ojemann 1979) . Auditory description naming is typically disrupted at visual naming sites; however, "pure" auditory naming sites (i.e., where stimulation impairs auditory naming, but not visual naming) have generally been found anterior to visual naming sites in the lateral temporal region, primarily in anterior temporal cortex (Hamberger et al. 2001; Hamberger et al. 2007a) . Various aspects of reading have been disrupted by stimulation in middle temporal gyrus and inferior parietal lobule (sentence completion: (Schwartz et al. 1999) ), and the inferior and lateral frontal, parietal and temporal cortex (reading syntax: anterior to visual naming sites, (Ojemann 1990 ). Stimulation has been reported to disrupt auditory verbal comprehension primarily in the mid-to posterior-superior temporal gyrus (STG) (Boatman et al. 1995; Schaffler et al. 1993) and middle portion MTG (Ilmberger et al. 2001; Krauss et al. 1996) , likely corresponding to classic Wernicke's area, and in the basal temporal region.
Perhaps corresponding with traditional anterior, expressive language locations, findings with ESM have been reported to produce speech arrest in posterior inferior frontal cortex (Lesser et al. 1984; Schaffler et al. 1993 ), yet also in the posterior STG, inferior parietal lobule and superior aspect of posterior middle temporal gyrus (Schwartz et al. 1999) , and the perisylvian region of frontal, temporal and parietal cortex (Ojemann 1983b ) (More detailed reviews of task related ESM patterns can be found in Ojemann (1983b) and Hamberger 2007 (Hamberger 2007 ). Thus, the topography of ESM-based language areas in presurgical epilepsy patients appear to overlap with traditional language regions, yet clearly extend beyond the previously-reported, more circumscribed areas.
Patient Characteristics
Within the widespread distribution of ESM-based language sites found in epilepsy patients, certain patientrelated factors have been reported to account for some of the inter-individual variability. Ojemann and Whitaker (Ojemann and Whitaker 1978) , and later, Devinsky and colleagues (2000) found an effect of intelligence level so that patients with lower IQ scores (Ojemann: IQ<96; Devinsky IQ< 80) tended to have an overall greater number of naming sites compared to patients with higher IQ scores. Ojemann and Whitaker (1978) also found that patients with lower IQ scores were more likely to have parietal naming sites, whereas patients with higher IQ scores were more likely to have naming sites in the more typical, posterior superior temporal region (Ojemann and Whitaker 1978) . Mateer and colleagues found an effect of gender for naming sites, with men exhibiting more positive sites in general, and a higher proportion of sites in anterior temporal cortex than that observed in women (Mateer et al. 1982) . Devinsky et al. (2000) and Schwartz et al. (Schwartz et al. 1998) found no gender differences, yet in addition to lower IQ scores, showed that left-handed patients and those with earlier age of seizure onset were more likely to have anterior temporal language sites (i.e., considered "atypical language representation"). These findings have been interpreted to reflect the displacement of classic language areas to adjacent regions due to early injury or epileptic activity (Devinsky et al. 2000) .
Effects of Brain Pathology
As noted above, Wada studies have suggested a greater probability of right hemisphere language among left temporal-lobe seizure patients, particularly in patients with epilepsy onset before age 5 years old (Rausch and Langfitt 1991; Rausch and Walsh 1984; Wada and Rasmussen 1960) . By contrast, Duchowny and colleagues (1996) found using ESM that language areas tended to remain within the left hemisphere, adjacent to, or even overlapping with developmental lesions (e.g., dysplasia) and epileptogenic regions in patients with early epilepsy onset (< age 5 years old). Only very large, early lesions acquired before age 5 that destroyed language cortex were associated with right hemisphere language.
In a retrospective study of left hemisphere dominant patients comparing patients with and without lesions, Haglund et al. (1994) found that relative to epilepsy patients without known lesions, individuals with temporal lobe gliomas had proportionally fewer superior temporal gyrus visual naming sites. However, in a more recent study comparing epilepsy patients with space-occupying lesions and epilepsy patients without lesions, Hamberger et al. (2007a) found that both groups showed the previously reported auditory naming sites anterior to dual-visual/ auditory naming sites (Hamberger et al. 2001) : however, naming sites in the group with lesions were clustered in the superior posterior perisylvian region (i.e., classic posterior language area), whereas naming sites in the non-group without lesions were scattered across the lateral temporal region, a pattern considered more "atypical" for language organization (Devinsky et al. 1993) . Examining the groups more closely, the patients without lesions had lower baseline verbal scores and earlier age of epilepsy onset, thus, it was hypothesized that the lesion-group pattern might have represented more normal language organization than that observed in the non-lesional group (see effect of IQ described above). These authors hypothesized that the more scattered distribution of naming sites in the non-lesion patients might reflect the development of additional naming sites in an attempt to compensate for damage to the original language area caused by chronic abnormal electrophysiological activity. Interestingly, many of the patients without lesions in this study had HS-a relatively common finding on structural MRI (and on postoperative pathological analysis) in TLE patients. In a subsequent study comparing TLE patients with HS and TLE patients without structural pathology, Hamberger and colleagues found proportionally fewer naming sites in anterior temporal cortex in HS patients (consistent with their lower risk of naming decline following anterior temporal resection for seizure control) and that overall, HS patients exhibited a more posterior distribution of auditory naming sites relative to that in TLE patients without structural pathology (Hamberger et al. 2007b) . Results were interpreted to reflect intrahemispheric reorganization of language in response to the likely, early development of HS. The posterior displacement of naming sites was also considered consistent with the anterior propagation of epileptiform discharges in TLE (Emerson et al. 1995) .
ESM in Basal Temporal Cortex
The basal temporal language area was first identified in a case study using ESM by Luders and colleagues (Luders et al. 1985) , and further studied in a series of TLE patients undergoing ESM prior to surgical resection. ESM of basal temporal cortex revealed multiple language functions disrupted during stimulation of primarily the fusiform gyrus, yet no disruption of complex nonverbal tasks (Burnstine et al. 1990; Krauss et al. 1996; Luders et al. 1986 ). Krauss et al. (1996) reported that 20/25 patients exhibited at least one site in the basal temporal region where stimulation impaired either visual naming, Token Test comprehension, reading, spontaneous speech, auditory description naming, or repetition. The most common stimulation evoked impairment involved visual naming (75%), mainly across sites scattered widely along the fusiform gyrus. Comprehension (Token Test performance) was the next most common stimulation-evoked impairment (52%), with considerable overlap between visual naming and comprehension sites. Fewer errors were associated with auditory description naming (24%) and repetition (18%).
Right Hemisphere ESM
Given its highly invasive nature, ESM is generally performed only in the presumed language dominant hemisphere. Theoretically, this creates a strong bias in the data, as it would be reasonable to ask the question regarding the effect of ESM for language conducted in the non-dominant hemisphere. In a single, unique study, Wyllie et al. (1990) reported that 15/15 patients who were lefthemisphere language dominant on Wada testing showed no evidence of right hemisphere language using ESM. Interestingly, 2/7 patients who were shown to be right-sided language dominant on Wada testing had language sites identified in the left hemisphere via ESM, raising the possibility of incomplete transfer of language to the right hemisphere, and highlighting that this appeared undetectable with Wada testing (Wyllie et al. 1990 ). Using ESM in bilateral language patients, Jabbour et al. (2005) found frontal and/or temporal language areas analogous to the classic essential language areas of the dominant left hemisphere in 4/6 patients identified with left sided ESM (Jabbour et al. 2005) .
One shortcoming of ESM is that electrical stimulation can only be applied to the cortical surface, rendering potential language areas in sulcal or deeper regions inaccessible for testing. Additionally, human language comprises multiple, integrated subprocesses, whereas ESM tasks are, by necessity, simplified due to the 10 s time restriction for test trials. As described below, neuroimaging techniques are less constrained in this way, allowing for investigation of more complex, perhaps, more ecologically-valid language tasks.
fMRI and Language Reorganization
Initially used only for research purposes, functional magnetic resonance imaging (fMRI) has become an increasingly-important clinical tool in the assessment of language areas in epilepsy, especially for use with surgical candidates. fMRI is based on the same general technology as structural MRI, but it extends beyond traditional anatomical imaging by measuring hemodynamic changes that coincide with mental operations; more specifically, it measures increased blood flow to local vasculature which is assumed to accompany neural activity in the brain. This results in a corresponding focal increase in deoxyhemoglobin (associated with the increase in blood flow occurring without a comparable increase in oxygen extraction), which alters the T2-weighted signal because of iron's paramagnetic properties (Belliveau et al. 1990; Ogawa et al. 1993; Tank et al. 1992; Turner et al. 1991) . One major advantage of fMRI over other functional imaging techniques is that the deoxyhemoglobin acts as an endogenous contrast agent, thereby excluding the need for potentially harmful radiotracers for enhancement purposes. In a more general sense regarding the study of language and language reorganization, fMRI is advantageous because it is a non-invasive technique which can theoretically be used repeatedly and without time restrictions, it can be used with patients as well as healthy control subjects because it has minimal risk, and it provides detailed information, with high spatial resolution, about radiological changes both within and across cerebral hemispheres at the same time, allowing for the study of both language lateralization and localization. One of the major drawbacks of fMRI, however, is that specific functions might be difficult to isolate (i.e., so-called language tasks might also activate areas associated with auditory processing and sustained attention), so very careful research methods are needed to rule out extraneous influences when interpreting the results. It is also assumed that any underlying pathology has not affected cerebral hemodynamics in the expected regions of activation.
Supporting the use of fMRI as a valid alternative for language lateralization, a number of studies have demonstrated high concordance rates with the Wada procedure (Benke et al. 2006; Binder et al. 1996; Rutten et al. 1999; Woermann et al. 2003) , although, other research has indicated that the congruence can vary considerably depending on the specific methods that are applied (Balsamo and Gaillard 2002; Benson et al. 1999; Lehericy et al. 2000) . In a similar way, the use of fMRI for language localization has been supported by several studies which showed good concordance rates with direct ESM (Carpentier et al. 2001; FitzGerald et al. 1997; Pouratian et al. 2002; Ruge et al. 1999) , although another study justifiably emphasized caution when making critical surgical decisions because the respective techniques were not perfectly correlated (Roux et al. 2003 ).
As described above, patients with epilepsy are known to have a higher incidence of atypical language representation than the general population (Rasmussen and Milner 1977) , with rates as high as 23% to 33% in patients with focal left temporal lobe epilepsy (Adcock et al. 2003; Brazdil et al. 2003; Janszky et al. 2003) . In one fMRI study (Springer et al. 1999) , categorical classification yielded a clear difference between right-handed individuals who were neurologically normal (94% left-hemisphere language dominant, 6% bilateral-symmetric, 0% right-sided language dominant) and right-handed individuals with epilepsy (78% left language dominant, 16% bilateral-symmetric, 6% right language dominant), although the authors emphasized that nearly all of the subjects had some right-sided activation during the language tasks, supporting the notion that language representation is not a purely unilateral phenomenon. These consistent findings have suggested that the pathophysiology underlying seizure disorders can also contribute to a reorganization of language networks in epilepsy. Building on previous evidence from Wada and ESM studies, there is a growing body of fMRI research providing new insights into the mechanisms of neural plasticity for language.
Evidence for Inter-hemispheric Reorganization
In one study, Janszky et al. (2006) investigated whether the frequency of left-sided interictal activity (i.e., spikes or sharp waves) was associated with atypical speech lateralization between patients with left versus right medial temporal lobe epilepsy (MTLE) (Janszky et al. 2006 ). Based on prior research which had shown a transient alteration of normal function caused by isolated interictal discharges (Aarts et al. 1984; Pressler et al. 2005) , it was hypothesized that chronic interictal abnormalities would result in more long-term deficits and therefore induce a shift of language functioning to the right hemisphere. Using a covert word generation task, they showed that left MTLE patients did indeed have a higher incidence of atypical language representation than right MTLE patients. Furthermore, among the left MTLE group only, significant relationships were demonstrated between the frequency of interictal abnormalities and a left-to-right shift of language functions. Importantly, other clinical variables including gender, age, age at epilepsy onset, seizure frequency, IQ, and verbal fluency were not significant contributors. Consistent with their earlier Wada-based study (Janszky et al. 2003) , the authors concluded that chronic frequent interictal epileptic activity can induce language reorganization independently of other factors.
In a different study, Rosenberger et al. (2009) compared language patterns in patients with left hemisphere seizure foci with a normal control group ). Using an auditory-based word decision task to explore activation asymmetries in Broca's and Wernicke's areas, they categorized patients into either a left language group or an atypical language group. As expected, the patient groups showed an increased frequency toward right-sided activation overall. Among the patients with atypical lateralization, activation was seen in right-sided homologues of Broca's and broadly defined Wernicke's areas, closely mirroring these regions observed in the normal control group. By contrast, the patients with left lateralization showed only a slight trend for differences in the midtemporal gyrus (6 mm posterior and 3 mm superior) compared to the control group, but there was a considerable degree of variability. According to the authors, the results indicated that there was inter-hemispheric reorganization in the atypical patient group, but there was little evidence for intra-hemispheric reorganization in the left lateralized patient group. Berl et al. (2005) investigated the degree of language dominance in patients with left-and right-hemisphere seizure foci compared to normal volunteers, using a reading comprehension task (Berl et al. 2005 ) . Regions of interest included the inferior frontal gyrus, midfrontal gyrus, and Wernicke's area. Not surprisingly, patients with left hemisphere foci had a higher likelihood of atypical language representation than patients with right hemisphere foci. Compared to healthy volunteers, patients in general had more activated voxels and lower asymmetry indices, reflecting an increased involvement of homologous right hemisphere areas, which was interpreted as showing "adaptive efforts at recruiting more widespread language processing networks."
Using a younger sample, Yuan et al. (2006) performed a retrospective analysis, comparing language lateralization patterns between pediatric epilepsy patients and healthy controls (Yuan et al. 2006) . Consistent with the main hypothesis and with previous research on adults, the patient group showed significantly more atypical lateralization patterns. A second purpose of the study was to determine whether age was a critical factor in the observed language reorganization. Previous research had shown that younger, healthy children are more likely to have atypical language lateralization than older healthy children, presumably showing that increased language specialization toward the left hemisphere is a function of normal development (Holland et al. 2001; Schapiro et al. 2004; Szaflarski et al. 2006 ). Yuan et al. then found a near-significant association between age and language lateralization in the control group, implying a trend that may have been obscured by the small sample size, but no significant association in the patient group, supporting the hypotheses that epilepsy can either disrupt the normal developmental convergence toward preferred language areas in the left hemisphere or, alternatively, either lead to an activation of pre-existing connections or an establishment of new compensatory areas in the right hemisphere.
Age was also a critical issue addressed in a case report by Hertz-Pannier et al. (2002) , but in a different sense (Hertz-Pannier et al. 2002) . The critical period for language acquisition has traditionally been thought to end around 6 years of age (Marcotte and Morere 1990; Woods and Carey 1979; Woods and Teuber 1978) although more recent studies have challenged this notion by showing new right hemisphere language functioning in older children following left hemispherectomy (Boatman et al. 1999; Vargha-Khadem et al. 1997) . In this case study, HertzPannier et al. (2002) had the unique opportunity to obtain serial fMRI language examinations on a boy who developed intractable epilepsy related to Rasmussen's syndrome at age 5 years-6 months old and underwent left hemispherotomy (i.e., complete disconnection but not removal of the left hemisphere) at age 9 years old, after previously normal and complete language acquisition. Preoperative fMRI (obtained at age 6 years-10 months) reportedly showed left lateralization during a covert semantic wordgeneration task. By contrast, post-operative fMRI (obtained at age 10 years-6 months) reportedly showed right-sided activation during word generation, sentence generation, and story listening tasks. Most importantly, the authors stated that the latter activation was "seen mainly in regions that could not be detected preoperatively, but mirrored those previously found in the left hemisphere (inferior frontal, temporal, and parietal cortex), suggesting reorganization in a pre-existing bilateral network." This de novo activation, it was suggested, provides direct longitudinal evidence that the boy's previously non-dominant hemisphere was capable of sustaining late plasticity changes for language, a compelling argument which could formerly only be inferred from cross-sectional research.
Evidence for Both Inter-and Intra-hemispheric Reorganization Brazdil et al. (2005) studied right-handed patients with unilateral left TLE (including suspected mesial onset zones and documented hippocampal sclerosis) versus a healthy control sample (Brazdil et al. 2005 ) (see Fig. 1 ). As anticipated, the patient group showed a significantly more bi-hemispheric representation of language, based on a silent word generation task. Rather than simply looking at interhemispheric differences, however, the authors went one step further by looking for possible intra-hemispheric differences between the groups. Activation patterns among the healthy controls generally corresponded with known language circuits. Findings among the epilepsy patients were less consistent, with the most extensive cortical activation seen in the right inferior frontal gyrus, as well as significant activation in the left medial frontal gyrus extending into the right anterior cingulate gyrus. Perhaps most importantly, however, the patient group had a relative absence of activation in the traditional Broca's area. Other clear differences were noted in the anterior cingulate, basal ganglia, and cerebellum, but these did not reach the level of statistical significance. Based on their findings, the authors argued that language does not simply shift from one hemisphere to the other, but that there is probably a very complex and individualized pattern of reorganization which involves both inter-and intra-hemispheric changes in neuronal networks.
In related research, Mbwana et al. (2009) examined the location of language processing regions among a group of patients with left hemisphere seizure foci and normal control subjects (Mbwana et al. 2009 ). Although the patient sample was quite heterogeneous, the main purpose was to determine if left-sided epilepsy was associated with interhemispheric reorganization to right-sided homologues of Broca's and Wernicke's areas and/or intra-hemispheric reorganization in brain regions adjacent to these traditional language sites. As expected, the control subjects showed primary activation in known language areas. Findings among the patients were much less consistent, however, and several subgroups were identified. Group 1a had predominant left-sided activation with a significant cluster in the left posterior superior temporal sulcus. Group 1b had Reorganization of language related neuronal networks in patients with left temporal lobe epilepsy -an fMRI study Fig. 1 The 3D views of average language activations for 13 epileptic patients and for 13 healthy controls. All activated voxels meet a significance threshold of P<0.001 (uncorrected at a voxel level) predominant left-sided activation with no significant differences from the control group. Group 2a had predominant right-sided activation with significant clusters in the in the right inferior frontal gyrus, middle frontal gyrus, superior frontal gyrus, middle temporal gyrus, right cingulate, and left cerebellum. Group 2b had predominant right-sided activation with significant clusters in the right inferior gyrus, middle frontal gyrus, superior frontal gyrus, right angular gyrus, and left cerebellum. Taken together, the results were interpreted as showing tendencies for both intra-hemispheric reorganization (i.e., compensation by ipsilateral adjacent regions as shown in Group 1a) and inter-hemispheric reorganization (i.e., recruitment of contralateral homologous regions as shown in Groups 2a and 2b) in left-sided seizure disorders. With the exceptions of handedness and MRI-detected structural pathology, other factors such as gender, age, age of onset, indications of early insult, seizure duration, and location of seizure focus were not significantly different between Group 1 (left dominant) and Group 2 (right dominant), further suggesting that patterns of language reorganization must be formally tested on an individual basis, as they cannot be predicted reliably by these descriptive clinical variables .
Looking at a younger sample, Liegeois and colleagues studied language lateralization in children/ adolescents with epilepsy secondary to known structural lesions and a matched control group. Among the patients, half had lesions that were adjacent to or within anterior language cortex (i.e., Broca's area) and half had lesions that were remote from traditional language sites (i.e., hippocampus, parahippocampus, temporal pole) (Liegeois et al. 2004) . Consistent with expectations, all of the control subjects showed predominant left-hemisphere lateralization. Among the patients, however, 50% were left-lateralized, 10% had bilateral language representation, and 40% were rightlateralized, reflecting a significant group difference. Of most significance, though, when the effect of lesion location was taken into consideration, the results contradicted previous findings reported in the literature (Devinsky et al. 1993; Isaacs et al. 1996; Lazar et al. 2000; Rasmussen and Milner 1977) . Among the patients with lesions near Broca's area, 80% still showed left-sided language dominance and, inversely, among the patients with lesions away from traditional language sites, 80% showed bilateral or right-sided language dominance. Clinical factors such as handedness, EEG abnormalities in the left frontal lobe or right hemisphere, early onset of chronic epilepsy, and age at first seizure did not appear to have any bearing on language lateralization. Interestingly, language reorganization appeared more likely when lesions involved the hippocampal region rather than classic language regions such as Broca's or Wernicke's areas. Similarly, an fMRI study in adults with varied lesion locations found that patients with left hippocampal sclerosis were more likely to have atypical language lateralization compared to patients with lesions in other locations (Weber et al. 2006) . These results, together with the well established role of the left hippocampus in verbal learning, suggest a role of the left hippocampus in determining language lateralization. As in the other studies reviewed above, these findings provided similar evidence that language functioning can be re-routed both inter-and intra-hemispherically in patients with epilepsy, but the precise pattern of reorganization cannot always be predicted on the basis of lesion location and/or clinical factors alone.
The studies reviewed here are a brief, yet representative sampling of the still-growing fMRI literature on the subject of language and language reorganization in epilepsy. The inconsistent findings may be attributable, to some extent, to differential methodologies employed between studies. However, echoing the common sentiments of the researchers, it seems clear that language reorganization in epilepsy is a very complex and individualistic process which requires ongoing exploration to better our understanding of this phenomenon.
Closing Comments
Without question, epilepsy has made significant contributions to the neuroscience of brain and language (Loring 2010) . Wada testing first challenged the notion of handedness as a reliable predictor of language dominance, allowing investigators to begin to elucidate the more complex relations between the nature and timing of left hemisphere brain abnormalities and language organization. Within a cerebral hemisphere, ESM provides investigators with a practical application of the lesion method, yet with a level of precision and control not afforded by naturally occurring lesions. As a neuroimaging technique, fMRI serves as a noninvasive activation method that enables detailed investigation of both hemispheres simultaneously, and allows for comparison with healthy controls, potentially creating a more comprehensive and more realistic picture of brain-language relations. Importantly, these distinct approaches have demonstrated a good degree of concordance on a theoretical level, yet what also emerged is a considerable degree of individual variability, attesting to the clinical importance of these methods to establish empirically language localization in individual patients.
Whereas traditional lesion studies have provided the foundation for our understanding of brain-language relations, epilepsy uniquely contributes the effects of both structural and functional disturbances within, adjacent and remote from classic language areas, at varying points during development, offering a rich resource of information regarding developmental aspects of brain-language relations. Over the years, efforts to improve patient care have also resulted in more sophisticated means of examining language organization in this population. Moreover, as our understanding of factors that influence brain organization has advanced, creative use of the older techniques such as Wada testing and ESM have provided new insights as well. The unique features of epilepsy together with ongoing advances in technology and in our understanding of brain functioning, promise further advances in the neuroscience of organization and reorganization of language in individuals with epilepsy.
